ABSTRACT: Molecular motors, highly efficient biological nanomachines, hold the potential to be employed for a wide range of nanotechnological applications. Toward this end, kinesin, dynein, or myosin motor proteins are commonly surface-immobilized within engineered environments in order to transport cargo attached to cytoskeletal filaments. Being able to flexibly control the direction of filament motion, and in particular on planar, non-topographical surfaces, has, however, remained challenging. Here, we demonstrate the applicability of a UV-laser-based ablation technique to programmably generate highly localized patterns of functional kinesin-1 motors with different shapes and sizes on PLL-g-PEG-coated polystyrene surfaces. Straight and curved motor tracks with widths of less than 500 nm could be generated in a highly reproducible manner and proved to reliably guide gliding microtubules. Though dependent on track curvature, the characteristic travel lengths of the microtubules on the tracks significantly exceeded earlier predictions. Moreover, we experimentally verified the performance of complex kinesin-1 patterns, recently designed by evolutionary algorithms for controlling the global directionality of microtubule motion on large-area substrates.
M olecular motors, driven by adenosine triphosphate (ATP), are envisioned to power novel devices for molecular detection, diagnostics, and biocomputation. 1−3 Thereby, the most promising manner of incorporating biomolecular systems into artificial environments is based on gliding motility assays: The motor proteins are immobilized on engineered surfaces to propel cytoskeletal filaments, which serve as carriers to specifically transport cargoes from one point to another. 4−7 For reaching the full potential of such hybriddevices, the direction of the filament motion has to be controlled. In the past, topographical structures such as straight or complex-shaped channels coated with active motor proteins were used to spatially confine, guide, 8−10 or rectify the filament motion. 11 Furthermore, various approaches to spatially manipulate the filament motion by applying external forces, for example, flows, 12 electrical fields, 13 or magnetic fields, 14 were demonstrated. However, these techniques require either labor-intensive topographical surface modifications or welldefined external stimuli that cannot be easily generated in situ.
In contrast, chemical patterns of motor proteins attached nonuniformly to planar surfaces might increase the versatility of applications by combining flexible layouts, short fabrication times, and guiding without external signals. However, accomplishing reliable guiding is challenging. At pattern boundaries, filaments are only guided if the filament tip, which is fluctuating due to Brownian motion, is able to bend back onto the motor pattern. Thus, the guiding reliability decreases strongly with the angle at which the filaments approach the pattern boundary. One way for circumventing this limitation is to confine the range of approach angles by using narrow tracks as suggested by Clemmens et al. 8 Experimentally, this was verified for short kinesin-1 tracks 15, 16 as well as for straight tracks of myosin II motor fragments (heavy meromyosin, HMM). 17 While guiding on kinesin-1 tracks was only limited by the length of the track (≤30 μm), on straight HMM tracks 60% of the actin filaments were guided longer than 20 μm, and 7% longer than 65 μm. Another way for increasing the transport efficiency is to optimize the chemical patterns according to computer simulations based on Brownian dynamics and genetic algorithms. 18 Patterns composed of narrow arc segments were predicted to lead to self-organized unidirectional filament transport. However, the success of both approaches will, among others, crucially depend on the capability of the utilized patterning technique. Toward this end, various general protein-patterning techniques based on optical lithography, 19, 20 chemical vapor deposition, 21, 22 atomic force microscopy, 23, 24 and printing techniques 25 have been demonstrated recently. However, for all of these techniques there is a general trade-off between spatial resolution, throughput, maximum pattern size, and, very importantly though often less considered, the biological activity of the proteins on the patterns.
Here, we report on the programmable generation of arbitrarily shaped, functional motor protein patterns that facilitate the controlled motion of microtubules on planar surfaces. We applied a UV-laser-based ablation technique and explored the microtubule guiding performance on narrow kinesin-1 tracks. Moreover, we created kinesin-1 patterns composed of specifically arranged arc-lines to experimentally test the theoretically predicted directional transport of microtubules over large areas.
First, we chemically modified a substrate with a proteinrepellent coating. Specifically, poly(L-lysine)-g-poly(ethylene glycol) (PLL-g-PEG) monolayers were coated electrostatically to plasma-activated polystyrene layers on glass substrates (see Methods). Then, for generating highly localized protein binding sites a diffraction-limited pulsed UV-laser, 26 coupled to a conventional inverted microscope, 27 was scanned along the PLL-g-PEG/polystyrene interface of the substrate ( Figure 1A) . Thereby, the protein-repellent PLL-g-PEG coating was plasmaoxidized in the irradiated areas. Consequently, the polystyrene surface became exposed and protein binding out of solution was enabled specifically to the ablated pattern ( Figure 1B) . Polystyrene layers were applied because after laser patterning they exhibit a smoother surface topography than glass (as was previously shown, 26 coinciding with our own obervations) and thus allow efficient protein adsorption. Moreover, to ensure maximal functionality of the patterned proteins, we adjusted the laser intensity such that the PLL-g-PEG coating was entirely removed, whereas the polystyrene layer was only superficially removed. The experiments illustrated in Figure 1C ,D demonstrate our experimental approach: GFP-labeled kinesin-1 molecules were locally adsorbed onto a PLL-g-PEG surface along narrow tracks by incubating the protein solution after the laser-ablation process. Afterward excess proteins were washed out ( Figure 1C ). For streptavidin proteins labeled with two different fluorophores, Alexa Fluor 546 (red) and Alexa Fluor 488 (green), this process was performed by sequentially incubating the respective protein solutions as well as washing excess proteins out after each of the two patterning steps ( Figure 1D ). The fluorescence image of the kinesin-1 pattern ( Figure 1C ), as well as the fluorescence intensity profile along the yellow dotted line show a high contrast between patterned and blocked surface areas. Moreover, the multicolor fluorescence image and the fluorescence intensity profiles of the dual-color streptavidin pattern ( Figure 1D ) demonstrate that a high contrast between two sequentially patterned proteins was achieved. The latter experiments thus displays the possibility of our approach for patterning different kinds of proteins side by side and in situ without the need of specific surface chemistry or prestructuring.
Next, we again generated narrow tracks of kinesin-1 motor proteins to study their potential for microtubule guiding, especially with respect to the curvature of the tracks. Because of its higher functionality, we now employed an unlabeled kinesin-1 motor construct. Using the described laser-based ablation approach, we created straight and curved tracks of different radii (17, 38, 75 , and 125 μm) together with a microtubule loading zone to increase the number of microtubules entering the tracks from one end ( Figure 2A ). After laser ablation, we applied a casein solution containing a fraction of molecules labeled with fluorescein in order to visualize the pattern. After 5 min, the solution was exchanged for a kinesin-1 solution and the motor proteins were allowed to bind out of solution onto the casein-coated tracks. Finally, an ATP-containing motility solution with rhodamine-labeled microtubules was introduced. Microtubules frequently landed on the loading zone or on the tracks directly and started to move. Because of the processivity and flexibility of the kinesin-1 motors, the microtubules were able to use the tracks in any orientation. However, only few microtubules moved across the tracks whereas most microtubules followed the tracks and were guided along their length (Movie S1). Figure 2B shows an example of a microtubule guiding event on a kinesin-1 track with a radius of 17 μm. Moreover, microtubules exclusively translocated on the patterns verifying efficient blocking of the surface areas around ( Figure 2C ). We quantified the guiding efficiencies (GE) for straight and curved tracks with different radii by determining the number of microtubules following the tracks along their full lengths divided by the total number of microtubules that moved on the tracks starting from one end (i.e., microtubules landing in the middle of the tracks were disregarded). To account for the slightly different lengths L track of the patterned tracks (56.3, 56.3, 56.0, 55.7, and 44.8 μm for radii of ∞, 125, 75, 38, and 17 μm, respectively), we subsequently corrected the guiding efficiencies for each radius by multiplying GE with the ratio of L track devided by the length of the longest track. While guiding on straight tracks proved to be highly reliable (GE = 94%), the guiding efficiency reduced with increasing track curvature. This behavior was expected because increasing track curvature increased the likelihood of steeper approach angles of the microtubules with the boundaries, enhancing the track leavage probability and thus reducing the guiding distances. However, even on the tracks with the highest curvature (radius = 17 μm) still 60% of the microtubules moved over distances as long as 45 μm, that is, the full track length. We then determined the characteristic travel distance λ for a given track with length L track and radius
track , assuming an exponential decay of the guiding efficiency with respect to the actual distance traveled on a track. We obtained characteristic travel distances of about 930, 250, 170, 115, and 70 μm for tracks with radii of ∞, 125, 75, 38, and 17 μm, respectively. The lateral widths of the tracks were quantitatively estimated by measuring the fluorescence intensity profiles perpendicular to the long axes of the tracks. Fitting these intensity profiles by a Gaussian function yielded an apparent width (full width at half-maximum) of w app = 650 ± 130 nm (mean ± standard deviation, n = 14). Because of the limited optical resolution, this value represents the convolution of the real track width w track with the one-dimensional point-spread-function (width w PSF ) of our imaging system. The real track width can thus be estimated
2 (deconvolution of two Gaussian functions 28 ). Because the lateral width of a microtubule is at least 10 times smaller than the optical resolution of the imaging system, it is reasonable to approximate w PSF by measuring the fluorescence intensity profile perpendicular to an Alexa 488-labeled reference microtubule. Such a measurement yielded 500 ± 40 nm (n = 9) and the actual lateral width of the generated track was thus determined to be w track = 420 ± 210 nm. These results clearly show that restricting microtubules to shallow approach angles by narrowing the track width opens up a great potential for non-topographical guiding (as previously hypothesized by Clemmens et al. 8 ). Compared to a predicted average travel distance of only 35 μm for straight chemical tracks with a width of 1.5 μm,
8 the kinesin-1 tracks reported here are capable of reliably transporting cargo over distances in the range of one millimeter.
Toward controlling filament motion within molecular devices on a global scale, we tested the experimental performance of a simulated pattern which was composed of motor proteins arranged in periodically repeating arc segments. Given that all ends of the arc segments are pointing into the same direction, such patterns were recently predicted by Rupp and Nedelec to lead to highly efficient directional filament transport, 18 the underlying mechanism being based on asymmetric progressive deflection as well as occasional short guiding events. Figure 3A shows a kinesin-1 pattern of periodically arranged arc-segments (half-circles with a diameter of 8 μm, laterally offset by 8 μm in each row) based on a geometry extracted from the simulation 18 and experimentally generatd by the procedure as described above. The patterned area was 60 μm × 60 μm in size and were generated within a 60 μm × 60 μm large area. The fluorescence images show overlays of microtubules (red) that are transported on the kinesin-1 pattern (green; visualized using fluoresceinlabeled casein). As an example, one tracked microtubule-path is indicated (yellow dashed line, see also Movie S2). (B) Projected transport distances (Δx) of the microtubule paths. For long microtubules (length >8 μm) gliding in positive x-direction we found Δx to be increased by 35% compared to microtubules gliding in negative x-direction. Short microtubules (length <8 μm) only moved short distances in either direction or followed exactly the contour of an arc (Δx = 0, n = 265). (C) Combined projected transport distances for both directions. Short microtubules exhibited an about 80% reduced overall transport distance compared to long microtubules. (D) Averaged experimental fitness scores of the microtubule paths as a measure for the degree of transport directionality. For long microtubules we obtained f = 0.22 ± 0.06 (n = 111), indicating a clear preference of motion into the desired direction, whereas for short microtubules f = 0.056 ± 0.018 (n = 401) indicated an almost random motion.
contained seven rows each with seven arc segments. In order to get more microtubules moving either from the right or the left side across the pattern (instead of landing somewhere in the middle), we additionally added rectangular areas as landing zones on both sides (not shown). Microtubules glided exclusively on the generated pattern and detached from the surface when they reached a boundary (Movie S2). We tracked all microtubule paths using the segmented line tool in ImageJ and evaluated their directionality when moving over the pattern. The analysis of 512 microtubule paths revealed a dependence on microtubule length: Long microtubules (microtubule length >8 μm, that is, longer than the lateral offset of the arc segments) were able to move over long distances in both directions across the pattern whereas short microtubules (microtubule length <8 μm) mainly followed the contours of the arcs and often detached from the pattern after short distances.
Evaluating the projected transport distances Δx = x2 − x1 of the paths, with x1 and x2 being the x-coordinates of the beginning and the end of the path, we found for long microtubules that Δx was 28.6 ± 2.1 μm (mean ± SEM, n = 66) when gliding into the desired direction (that is, the direction the ends of the arcs were pointing to) and −21.3 ± 2.5 μm (mean ± SEM, n = 45) when gliding in the opposite direction. In total, 60% of the long microtubules were traveling into the desired direction with projected transport distances about 35% higher than in the opposite direction ( Figure 3B ). This finding was in agreement with the observation that microtubules moving against the desired direction were often redirected, similar to the example microtubule marked in Figure  3A . For the short microtubules Δx was 13.5 ± 1.3 μm (mean ± SEM, n = 83) and −8.9 ± 1.2 μm (mean ± SEM, n = 53) when gliding short distances into the desired and the opposite direction ( Figure 3B ). Additionally, Δx was zero (n = 265) for short microtubules that moved exactly along the contour of just one arc segment before detachment. When combining the projected transport distances for both directions, we obtained 9.6 ± 2.8 μm (n = 111) for the long microtubules and 1.62 ± 0.46 μm (mean ± SEM, n = 401) for the short microtubules. Thus, short microtubules exhibited an about 80% reduced overall transport distance ( Figure 3C) .
In order to compare our results with the simulation we determined the fitness score f = Δx/L for each individual gliding event, with L being the full length of the nonprojected microtubule path. In the genetic algorithm used by Rupp and Nedelec for optimizing the patterns, the fitness score was the key parameter to evaluate their performance. In general, f can be between −1 and +1, the actual value indicating the degree of directionality: f = 1 corresponds to a microtubule moving straight into the positive x-direction (desired direction) and f = −1 corresponds to a microtubule moving straight into the negative x-direction (nondesired direction). For f = 0, there would be no net transport into any direction. When averaging the experimental fitness scores for short and long microtubules separately, we obtained f = 0.056 ± 0.018 (mean ± SEM, n = 401) for the short microtubules, indicating an almost random motion ( Figure 3D ). However, motion of the long microtubules revealed f = 0.22 ± 0.06 (n = 111), indicating a clear preference of motion into the desired direction. This finding qualitatively agrees with the predictions and additionally implies a length sorting mechanism of the pattern. Only long microtubules are transported in a directional manner, whereas short microtubules glide randomly and detach from the surface, when they do not have the length to bridge the gap from one arc to the next.
Although we experimentally observed a directionality for the motion of long microtubules across the arc-pattern, in the simulation the pattern performed better by reaching a fitness score of f = 0.77 ± 0.01 (ref 18). We believe there are multiple reasons for this discrepancy: (i) One major point is the limited size of the experimental pattern in contrast to an infinitely large pattern in the simulation. The larger the pattern is, the higher is the probability for a microtubule to get deflected toward the desired direction. In the experiment, we often observed that microtubules initially moving into the nondesired direction were redirected but detached from the surface at the bottom or the top border of the pattern before Δx reached positive values.
(ii) Besides the pattern size, simplifications in the simulation might also contribute to the difference in the fitness scores. For instance, in the simulations the arc-pattern was composed of infinitesimal narrow tracks of motor proteins, which might have overperformed with regard to the guiding efficiency. Hence, reducing the experimental track width may improve the performance. (iii) Another crucial factor determining the pattern performance is the density of active motor proteins on the track. The assumed density of motor proteins in the simulation (10 motors per micrometer track length) might have been overestimated. (iv) Even more importantly, dysfunctional motor proteins were not considered in the simulations but cannot be completely avoided during the complex experimental procedures. However, active and complex motor protein patterns, such as reported here, have so far not been demonstrated using alternative patterning techniques, for example, electron beam lithography 29 or AFM-based nanoshaving. 24 We used a UV-laser-based ablation technique to realize complex user-defined patterns of active motor proteins on planar surfaces. We experimentally demonstrated that straight, and for the first time also curved, tracks of the motor protein kinesin-1 (possessing track widths of less than 500 nm) were able to reliably guide microtubules. The guiding efficiency was curvature dependent but the characteristic travel lengths of the microtubules by far exceeded earlier reports and predictions. Thus, the presented results may open up new routes toward controlling microtubule motion in self-organized hybriddevices. In this regard, screening for optimized local and global track geometries with the help of computer simulations, for example, by applying an evolutionary design method as presented by Sunagawa et al., 30 will be very useful. The geometries recently simulated by Rupp and Nedelec 18 already provided an excellent foundation for testing if the global microtubule motion can be experimentally biased into a desired direction. When reproducing one of these patterns with arc-like kinesin-1 motor tracks we indeed observed the global steering of long microtubules into the desired direction. In the future, patterning of different types of motor proteins, for example, kinesin-1 and cytoplasmic dynein, next to each other could be used to solve more complex functions. Thereby, arrays of tasks such as the rectifying and reliable sorting of filaments with different lengths in combination with cargo delivery at detection zones 31 could be realized to achieve the full applicability of motor-powered molecular detection devices. Furthermore, we foresee a large potential of the patterning approach to design well-defined and reproducible biophysical experiments to study multimotor transport systems. , Corning) were cleaned by sonication in Mucasol/water (1:20; v = (v) for 15 min followed by rinsing in deionized water for 2 min. Further, coverslips were sonicated in ethanol/water (1:1; v = (v) for 10 min, rinsed in deionized water for 2 min, rinsed in Milli-Q-water for 2 min and finally dried using a nitrogen airflow. Then, coverslips were spincoated for 30 s at 3000 rpm with adhesion promoter Ti-prime (Microchemicals), baked for 2 min at 120°C and spin-coated for 30 s at 3000 rpm with 0.5% polystyrene solution (SigmaAldrich, Germany) in toluene (VWR, Germany). Directly after the oxygen plasma treatment (FEMTO, Diener Electronics, Germany) for 6 s at 60% radio frequency power, the now negatively charged polystyrene coated coverslips were incubated with 0.1 mg/mL PLL-g-PEG (SuSoS AG, Switzerland) in 100 mM HEPES, pH = 7.4, at room temperature for 1 h on a parafilm (Pechiney, U.S.A.) surface within a humid box. Finally, the coverslips were lifted off slowly and gentle nitrogen airflow was used to ensure complete PLL-g-PEG solution dewetting.
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Laser Patterning. The experiments were performed in 3 mm wide flow-cells consisting of a glass coverslip (22 × 22 mm 2 ) coated with PLL-g-PEG for the bottom, a (18 × 18 mm 2 ) PEGylated coverslip 32 for the top and two stripes of parafilm as spacers. For the patterning process, a self-built setup was used, 27 which was based on a passively Q-switched, thirdharmonic ND:YAG laser (PowerCHIP, JDS Uniphase) with a wavelength of 355 nm in the UV spectral range, a pulse energy of up to 10 μJ and a pulse duration of 500 ps (leading to peak power densities of up to 10 TW/cm 2 ). The laser unit was implemented on an inverted Zeiss Axio Observer Z1 microscope (Zeiss, Germany) equipped with a 63× water immersion objective C-Apochromat NA of 1.2 (Zeiss, Germany) and a piezo-electric positioner to correct for chromatic aberrations due to the use of UV-light. Patterns were generated by scanning the laser beam along the flow-cell surface using a scan-head LDS-10-OH (GSI, U.S.A.). The latter consisted of two galvanometric mirrors that deviated the laser beam in two perpendicular axis independently across a scanning field of 80 × 80 μm 2 with a steering accuracy of 30 nm. The pattern was filled with a density of 4 spots/μm, whereas each spot was exposed with five pulses at a repetition rate of 1 kHz. The laser intensity was set to 30% of the minimum visible effect of pulsed UV laser-glass interaction which corresponds to about 0.4 μJ deposited in the medium, or 65 GW/cm 2 of peak power density threshold. Therefore, unblocked regions were generated. For the experiments depicted in Figure 1 , kinesin-1-GFP (10 μg/mL in BRB80 with 0.5 mg/mL casein, 1 mM ATP as well as 10 mM dithiothreitol; construct described below) and streptavidin proteins labeled with Alexa Fluor 546 (0.25 mg/ mL in BRB80), respectively, were adsorbed out of solution. After 10 min unbound proteins were washed out. In Figure 1D , a second pattern was generated, followed by incubation of a solution containing streptavidin proteins labeled with Alexa Fluor 488 (0.25 mg/mL in BRB80). Again, the streptavidin proteins were allowed to adsorb out of solution for 10 min and subsequently the unbound streptavidin proteins were washed out thoroughly. Finally, fluorescence image acquisition was performed.
Kinesin-1 Gliding Motility Experiments. Microtubules were polymerized from 5 μL of rhodamine-labeled porcine brain tubulin 33 in BRB80 (80 mM PIPES, adjusted to pH = 6.9 with KOH, 1 mM EGTA, 1 mM MgCl 2 ) with 5 mM MgCl 2 , 1 mM GTP, 5% DMSO at 37°C for 30 min. The microtubules were stabilized and diluted 100-fold in BRB80 containing 10 μM Taxol. Full-length Drosophila melanogaster kinesin-1 motor molecules (with and without GFP) were expressed in insect cells and purified applying published protocols. 34 Gliding assays were prepared after completing the laser patterning process and rinsing the flow-cell with 60 μL of BRB80. A solution containing casein (0.4 mg/mL) as well as fluorescein-labeled casein (0.1 mg/mL) was perfused into the flow-cell and allowed to adsorb to the exposed surface for 5 min. This solution was exchanged for a 10 μg/mL kinesin-1 solution in BRB80 with 0.2 mg/mL casein, 1 mM ATP as well as 10 mM dithiothreitol and incubated for 5 min. A BRB80 solution containing 10 μM Taxol, 1 mM ATP, 40 mM D-glucose, 55 μg/mL glucose oxidase, 11 mg/mL catalase and 10 mM dithiothreitol was added to the flow-cell. After the motor-patterns had been localized, a BRB80 solution containing microtubules (580 nM), 10 μM Taxol, 1 mM ATP, 40 mM D-glucose, 55 μg/mL glucose oxidase, 11 mg/mL catalase, and 10 mM dithiothreitol was flown in.
Imaging. Image acquisiton was performed using an inverted fluorescence microscope Zeiss Axiovert 200 M (Zeiss, Germany) with a 100× oil immersion objective Plan-Neofluar NA = 1.3 (Zeiss, Germany). For excitation, a Lumen 200 metal arc lamp (Prior Scientific Instruments, U.S.A.) was applied. The data was recorded with an electron multiplying charge-coupled device (EMCCD) camera (iXon + EMCCD, DU-897E, Andor) having a pixel size of 16 μm. If not stated differently, images were acquired every 2 s with an exposure time of 100 ms using MetaMorph (Molecular Devices, U.S.A.).
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